We studied the genetic structure of 176 bacterial isolates from nodules of Medicago sativa, M. lupulina and M. polymorpha in fifteen sites distributed in three localities in Mexico. The strains were characterized by multilocus enzyme electrophoresis, plasmid profiles, PCR restriction fragment length polymorphism of 16S rRNA genes and of the intergenic spacer between 16S and 23S rRNA genes, and partial sequences of glnII, recA and nodB. Most of the strains were classified as Sinorhizobium meliloti, and a high genetic diversity was recorded. Six strains were classified as Sinorhizobium medicae, with no genetic variation. Phylogenetic and population genetic analyses revealed evidence of frequent recombination and migration within species.
Introduction
The genus Medicago comprises more than 60 plant species, two-thirds of which are annuals and one-third perennials (Lesins & Lesins, 1979) . Members of this genus, native to Eurasia and Africa, especially in the Mediterranean area, are now widespread in temperate regions (Allen & Allen, 1981) . The most widely cultivated perennial species is Medicago sativa (alfalfa), which is mainly used as forage for domestic animals. Alfalfa was introduced to the Americas by Europeans several hundred years ago. Spaniards took from Mexico many products, such as maize and beans, and introduced others, such as alfalfa, as forage for their cows and horses. Nowadays in Mexico extensive areas are grown with alfalfa, which is the main forage crop in the semi-arid regions of north and central Mexico (www.fao.org). Large colonization and trading enterprises have always been accompanied by the dispersal of many useful plants; beyond the intended transport of valuable plants, humans unknowingly carry with them organisms such as plants, animals and microorganisms, frequently as contaminants of their products. In addition to alfalfa, other annual Medicago species are reported in the list of alien flowering plants recorded in Mexico (Villaseñor & Espinosa-García, 2004) .
Medicago species establish nitrogen-fixing symbioses with fast-growing rhizobia, and a moderate to high degree of host specificity has been recorded (Brockwell & Hely, 1966; Sprent, 2001) . Using multilocus enzyme electrophoresis (MLEE), Eardly et al. (1990) analysed the genetic structure of a large collection of bacteria isolated from nodules from perennial and annual species of Medicago coming from several distinct geographic regions distributed on four continents. This pioneer study revealed the existence of two deeply diverging phylogenetic divisions, one of which appears to be adapted to annual medic species. Moreover, the analyses of linkage disequilibrium showed evidence of genetic exchange within each group but not across groups, suggesting the existence of a genetic barrier between lineages. Further studies established that the two genetic groups correspond to distinct species, namely Sinorhizobium meliloti and S. medicae (Rome et al., 1996a, b) , the latter being adapted to annual medics.
In Mexico there is a diversity of native Sinorhizobium species. Novel species have been recognized that nodulate legume trees in the genera Leucaena (Wang et al., 2002) and Acacia (Toledo et al., 2003; Lloret et al., 2007) ; there is no information, however, about the diversity of rhizobia nodulating Medicago species. The work presented here is the first study to analyse the nitrogen-fixing bacteria associated with Medicago in Mexico. This information is relevant to programs directed towards improving crop productivity through biofertilization with locally adapted or genetically modified strains. Because Medicago species are not native to Mexico we hypothesized that they could be nodulated by (1) native Sinorhizobium populations, (2) introduced S. meliloti and S. medicae, or (3) native Sinorhizobium populations that acquired symbiotic genes from S. meliloti or S. medicae. In this work we used phylogenetic and population genetic analyses to analyse the genetic structure of a large collection of bacteria isolated from cultivated M. sativa nodules. In addition, we compared the alfalfa strains with isolates from the annual species M. lupulina and M. polymorpha, which grow as weeds in Mexico. Fifteen sites distributed in three localities of central Mexico were sampled. The genetic variation was hierarchically assessed using MLEE, plasmid profiles, PCR restriction fragment length polymorphism (PCR-RFLP) of 16S rRNA genes and of the intergenic spacer (ITS) between the 16S and 23S rRNA genes, including partial sequences of two housekeeping genes (glnII and recA) and the symbiotic gene nodB. We discuss our results in the light of biogeographical hypotheses about the origin of the strains and the impact of the evolutionary forces in shaping their genetic structure.
Materials and methods

Sampling and strain isolation
Fifteen sites distributed in three localities of central Mexico (Guanajuato, Texcoco and Cuernavaca) were sampled. Strains from Guanajuato were isolated from nodules of field-grown alfalfa plants (M. sativa) or alfalfa plants grown in the laboratory using soil from the different sites. The twelve sites sampled in Guanajuato (designated G1 to G12) were agricultural fields where alfalfa has been grown for more than 12 years; the plants were about 3 À 5 years old, and no inoculation and low levels of nitrogen fertilization (20-40 kg ha À1 ) had been applied. An agricultural plot in Texcoco was sampled (named Texcoco site 1) to address the importance of geographic distance on the diversity and genetic structure of alfalfa symbionts, the site being c. 400 km from Guanajuato. In order to compare the structure of the symbionts from a cultivated perennial Medicago with those of an annual weedy species, a population of M. polymorpha located c. 2 km from Texacoco site 1, at a site named Texacoco 2, was sampled. These sites are c. 100 km apart from the third sampling location in Cuernavaca, where isolates were from M. lupulina (black medic) growing as a weed. At each site at least five plants were sampled.
Isolates were recovered using a standard method (Vincent, 1970) on peptone-yeast extract (PY) medium.
MLEE, genetic diversity and cluster analysis
Cell lysates were obtained as described previously (Silva et al., 1999) , and electrophoretic separation on 12.6% starch gels and staining of the enzymes was performed according to the procedures described by Selander et al. (1986) . Nine metabolic enzymes were evaluated: aldolase (ALD), aconitase (ACO), glucose-6-phosphate dehydrogenase (G6PDH), hexokinase (HEX), isocitrate dehydrogenase (IDH), malate dehydrogenase (MDH), malic enzyme (ME), phosphoglucose isomerase (PGI) and phosphoglucomutase (PGM). Distinctive mobility variants of each enzyme were equated with alleles at the corresponding locus. The combined allele profiles for the nine enzymes were defined as multilocus genotypes (electrophoretic types or ETs). Based on allele frequencies for ETs, the genetic diversity for an enzyme locus was calculated as H = (1 À Sx i 2 ) (n/(n-1)), where x i is the frequency of the ith allele and n is the number of ETs. The total mean genetic diversity (H) is the arithmetic mean of H values across loci (Selander et al., 1986) . To compute the diversity values the program ETDIV version 2.2 was used (Whittam, 1990) . The genetic distance between each pair of distinct ETs was estimated as mean character differences, a similarity matrix was constructed using PAUP Ã 4.0v10b (Swofford, 2002) and clustered by the unweighted pair group method with arithmetic mean (UPGMA) method using MEGA2 version 2.1 (Kumar et al., 2001) .
Genetic differentiation and linkage disequilibrium analyses
To estimate the relative genetic differentiation at different levels, we used indices related to Nei's G ST = (Ht À Hs)/Ht (Nei, 1987) , where Ht is the expected diversity in an equivalent randomly mating total population and Hs is the average diversity of the subpopulations. To compute the G ST values we used ETDIV version 2.2 (Whittam, 1990) . These indices range from 0, if there is no genetic differentiation, to 1 if there is maximal genetic differentiation (Nei, 1987) . To test if the G ST indices were significantly different from 0, we performed a chi-square test of independence as w 2 = nG ST (a À 1), where n is the number of individuals and a is the total number of alleles. There are (k À 1) (a À 1) degrees of freedom, where k is the number of subdivisions, and significance was examined at P o 0.05 (Hagen & Hamrick, 1996; Silva et al., 1999) .
To determine the extent to which populations exhibit nonrandom associations of alleles between loci, we used a multilocus index based on the distribution of allelic mismatches between pairs of isolates over all loci. The ratio of the variance in mismatches observed in a population (Vo) to the expected variance of the corresponding population at linkage equilibrium (random association of alleles, Ve) provides a measure of linkage disequilibrium. If there is no linkage disequilibrium Vo/Ve = 1. The significance of the difference between Vo and Ve was calculated using a Monte Carlo procedure with 1000 iterations, carried out with the LDV program (Souza et al., 1992) .
Visualization and cluster analysis of plasmid profiles
The plasmid content of the isolates was visualized following the Eckhardt procedure (Eckhardt, 1978) . Plasmid mobilities were determined in 0.7% agarose gels using plasmids from R. etli CFN42 T and R. tropici CIAT899 T as molecular size references. A database for the presence/absence of the various plasmid sizes was constructed. The genetic distance between each pair of distinct plasmid profiles was estimated as mean character differences, and a similarity matrix was constructed using PAUP Ã (Swofford, 2002) , and clustered by the UPGMA method using MEGA2 (Kumar et al., 2001) .
PCR amplification and RFLP of 16S rRNA genes and the ITS between the 16S and 23S rRNA genes Genomic DNA was purified using a GenomicPrep kit (Amersham). Amplifications were performed with Taq polymerase (Roche) using the reaction mixture and conditions described in Silva et al. (2003) . To amplify the 16S rRNA gene, primers fD1 and rD1 were used (Weisburg et al., 1991) with an annealing temperature of 58 1C. A single band of about 1500 bp was obtained, and five restriction endonucleases (HinfI, HhaI, MspI, RsaI and Sau3AI) were used to digest the amplification product. Primers FGPS1490 (Navarro et al., 1992) and FGPS132 (Pansonnet & Nesme, 1994) were used to amplify the ITS between the 16S and 23S rRNA genes, with an annealing temperature of 55 1C, as described elsewhere (Vinuesa et al., 1998) . All strains produced a single band of c. 1350 bp, and four restriction endonucleases (AluI, CfoI, HaeIII and MspI) were used to digest the amplification product. Restriction products were resolved by agarose (2%) gel electrophoresis.
PCR amplification and sequencing of glnII , recA and nodB Partial sequences of the housekeeping genes glnII and recA were amplified using primers glnII 12F and glnII 689R, and recA 41F and recA 640R, respectively (Vinuesa et al., 2005b) . To amplify the symbiotic gene nodB, primers nodB3F and nodBRR were used (Silva et al., 2003) . Amplifications were performed with Taq polymerase (Roche) using the reaction mixture and conditions described in Silva et al. (2003) . Amplification products were purified using the PCR product purification system of Roche and automatically sequenced using the same primers. The accession numbers generated in this study are DQ767659 À DQ767682. All accession numbers used in this study are listed in Table S1 of the supplementary material (available online).
Phylogenetic analyses based on sequence data
Multiple nucleotide sequence alignments were generated using CLUSTALX (Thompson et al., 1997) . Phylogenetic trees were inferred under the maximum likelihood (ML) optimality criterion using PHYML2.4.4 (Guindon & Gascuel, 2003) and the nucleotide substitution model selected by the Akaike information criterion (AIC), as implemented in MODELTEST3.06 (Posada & Crandall, 1998) as described elsewhere (Vinuesa et al., 2005b) . The robustness of ML topologies was inferred by nonparametric bootstrap tests using PHYML and 100 data replicates.
Results
Chromosomal genetic diversity based on MLEE
The electrophoretic mobility variants of nine metabolic enzymes were determined for a total of 176 isolates obtained from Medicago spp. nodules. The multilocus genotypes (ETs) for the S. meliloti type strain USDA1002
T and the S. medicae type strain A3217
T were also determined. Five isolates displayed the same ET as A3217 T , and, based on the results of the other molecular markers analysed (see below), they were classified as S. medicae. The S. medicae strains comprised one isolate from Cuernavaca, one from Guanajuato, and three isolates from Texcoco site 2. Twenty-six strains were initially isolated from M. polymorpha from Texcoco site 2; however, because all displayed the same plasmid profile, only three isolates were included in further analyses. Because no genetic diversity was detected in the S. medicae population (H = 0), no further population genetics analysis could be performed. The remaining 171 isolates were classified as S. meliloti, and more than half of them (59%) presented the same ET as the type strain USDA 1002 T . The high diversity displayed by the S. meliloti population (H = 0.40) permitted us to analyse the genetic structure of the 14 sampled populations (Table 1) . Two of the Guanajuato populations were composed of only one ET and hence their diversity was 0. Likewise, only two ETs were present in the Texcoco site 1 population, which displayed a very low diversity (H = 0.11). The highest diversity estimates were recorded for the Guanajuato population. No new genotypes appeared in the Texcoco site 1 and Cuernavaca populations, indicating that Guanajuato contains the entire S. meliloti diversity of the sample (Table 1 ). The genetic relatedness among the 31 ETs from the S. meliloti population and the single ET from the S. medicae population is depicted in Fig. 1 .
Genetic differentiation and linkage disequilibrium
The most frequent S. meliloti genotype (ET1) was found in all 14 sampling sites, and was the predominant genotype in most of them. The most abundant genotypes were recovered both from plants grown in the field and from plants grown in the laboratory, and no genetic differentiation (G ST = 0.00) was detected between these two sources of strains. The genetic differentiation estimates revealed a low and nonsignificant differentiation among the 12 Guanajuato populations. The same result was found for the populations from Guanajuato, Cuernavaca and Texcoco (Table 2) . Moreover, no significant differentiation was found for all the pairwise comparisons between the 14 populations (data not shown). The lack of genetic differentiation at local and wider geographic distances is indicative of a very high migration rate among sampling sites.
The multilocus index used to measure the nonrandom association of alleles within populations showed linkage disequilibrium when the Guanajuato isolates and the total population were analysed (Table 2) . However, when only the different ETs were included in the analyses, no significant linkage disequilibrium was detected both in the Guanajuato and in the total populations (Table 2) . Taken together, these results point towards an epidemic genetic structure (Maynard Smith et al., 1993) , in which genetic exchange is frequent among the members of the S. meliloti population, and some abundant genotypes produce epidemic clones within the population.
Plasmid profiles
The five S. medicae strains displayed the same plasmid profile, which was composed of two megaplasmids of about 1600 and 1300 kb, and a plasmid of about 150 kb, which was very similar to that of USDA A321 T (1600, 1300 and 400 kb). For the 171 S. meliloti strains, 62 distinct plasmid profiles were detected; the most abundant one (P1) was found in most of the populations and was identical to that of USDA 1002 T , which is composed of one megaplasmid of about 1600 kb and a plasmid of about 230 kb. All the strains presented the 1600-kb megaplasmid, and in some cases it was possible to visualize a second megaplasmid of c. 1300 kb: these two megaplasmids are similar to pSymA and pSymB of strain 1021 (Galibert et al., 2001) . For nine strains (P4) it was not possible to visualize any plasmids in the Eckhardt gels. Various explanations are possible for this result; the most likely one is that the cells were not broken during the lysis procedure. We know that they are symbiotic S. meliloti strains because all the other molecular markers analysed (including nodB sequences) placed them within the population, and in reinoculation experiments they formed nodules on alfalfa plants.
Although the majority of the strains (63%) contained only two or three plasmids, some strains presented up to seven plasmids, and in many cases these included small plasmids ( o 100 kb). If the small plasmids are eliminated from the analysis, the number of profiles is reduced from 63 to 38, indicating that they contribute strongly to plasmid profile diversity. The distribution of the plasmid profiles in the chromosomal genotypes is depicted in Fig. 1 . Because ET1 contained more than half of the isolates, we decided to group the 101 strains according to their plasmid profiles in order to visualize the internal dynamics of this abundant and widely distributed genotype (Fig. 2) . It is evident from Figs 1 and 2 that a given plasmid profile can be found in different chromosomal backgrounds and in different localities. This result suggests that the portion of the genome held in plasmids is subject to genetic exchange among chromosomal backgrounds. 
Restriction analyses of 16S and ITS rRNA gene regions
Twenty-three strains were selected as representatives of the 15 sampling sites and host species, and were subject to RFLP 16S rRNA gene analysis. Twenty strains from 14 sampling sites and isolated from M. sativa and M. lupulina showed identical patterns to that of S. meliloti USDA 1002 T . Three strains differed in the restriction pattern of RsaI and were identical to the pattern displayed by S. medicae USDA A321 T . These strains were isolates from M. lupulina, M. sativa and Medicago sp. from Cuernavaca, Guanajuato and Texcoco site 2, respectively.
Owing to the lack of variability within species detected by 16S rRNA gene analysis, we performed restriction analyses for the more variable 16S-23S ITS region for 118 of our strains and for 16 reference strains (nine S. meliloti, five S.
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C,G,T P1,2,5,6,34,62 Fig. 1 . Dendrogram depicting the genetic relatedness of 176 Sinorhizobium strains isolated from three Medicago species in Mexico, based on their multilocus genotypes (ETs). The code in the terminal nodes describes the ET number designation, and in parentheses the number of strains for the ETs with multiple strains. In the second column the locality of isolation is described as G, Guanajuato; C, Cuernavaca; T, Texcoco. The third column indicates the plasmid profiles found for the strains contained in the ET. The fourth column shows the ITS patterns displayed by the strains. The most abundant ET is highlighted in boldface and its description is presented in Fig. 2 . medicae, and the type strains of S. americanum and S. morelense). Among the 115 S. meliloti strains from Mexico, two ITS patterns were recorded (Table 3) . Eighty strains showed the same pattern (A) as USDA 1002 T and most of the S. meliloti reference strains, while 35 strains displayed a pattern (B) that was also detected in two of the reference strains. The three S. medicae strains from Mexico displayed the same pattern (C) as USDA A321
T and two of the reference strains; two of the S. medicae reference strains displayed a different restriction pattern (D) that was not found in the Mexican strains. Sinorhizobium americanum and S. morelense each displayed completely distinct patterns (Table 3) . The results of the ITS restriction patterns differentiated S. meliloti from S. medicae, and showed the presence of two genotypes within each species. The two restriction patterns of the S. meliloti population did not P1 (17) G1,2,3,5,6,9,10,12,C,T A,B P2 (9) G1,3,4,7,9,12 A P31 ET1 plasmid profiles
G4,8 P4 (8) G9,10,11,12,T A,B P14 (3) G1,12,T B P57 G2 P20 G9 A P7 (3) G3,10,12 Fig. 2 . Dendrogram depicting the plasmid profile distances for the 101 S. meliloti strains corresponding to ET1 (see Fig. 1 ). In the second column the sampling sites are indicated as G1-G12, Guanajuato; C, Cuernavaca; T, Texcoco. The third column shows the ITS patterns displayed by the strains. The most abundant plasmid profile is highlighted in boldface.
show evidence of geographic or genotypic differentiation, because both were found in most of the populations and no association with multilocus genotype or plasmid profile was evident (Table 1, Figs 1 and 2 ).
Sequence-based phylogenies
The DNA sequences obtained were used as queries in BLASTN searches to retrieve related sequences from the public databases. We included in the phylogenies sequences showing high identities with our sequences, and those available for other Sinorhizobium species. Sequences from representative species of the fast-growing rhizobia in the genera Rhizobium and Mesorhizobium were also included. Bradyrhizobium japonicum sequences were used as outgroups, with the exception of glnII for which Turner & Young (2000) had shown an anomalous phylogenetic placement. The sequences of the chromosomal genes recA and glnII confirmed the taxonomic assignment of our strains as either S. meliloti or S. medicae (Figs 3 and 4) . In both phylogenetic reconstructions the Sinorhizobium, Rhizobium and Mesorhizobium groups were well supported. Sequences from several Sinorhizobium species could be included for the recA phylogeny, while for the glnII gene fewer Sinorhizobium sequences could be retrieved; however, many sequences related to our isolates were found. These strains were rhizobia studied by Wernegreen et al. (1999) (Wernegreen & Riley, 1999) isolated in diverse geographic localities from Medicago, Melilotus and Trigonella species. In the glnII phylogeny the S. meliloti strains formed two groups; the first one is represented by strain 1021 for which the complete genome is available (Galibert et al., 2001) , while the second group is formed by three strains isolated in Australia from Trigonella suavissima.
The phylogeny inferred from the symbiotic gene nodB showed that the S. meliloti and S. medicae strains conformed a well-supported clade (Fig. 5) , which is related to a clade formed by strains isolated from M. ruthenica and other legumes in China that were reclassified as 'R. gallicum bv. orientale' by Silva et al. (2005) . Within the S. meliloti/S. medicae clade four subclades can be identified. The first one is represented by strain 1021 and the Mexican strains from Guanajuato. The second subclade is formed by most of the S. medicae strains, with the exception of strain C Â 26, which is part of the third subclade, which includes S. meliloti strains from Cuernavaca and Texcoco site 1. The T. suavissima strains form the fourth subclade. The presence of this substructure in the sequence of nodB could be indicative of the existence of distinct biovars within the S. meliloti/S. medicae group. Recently, two biovars were described for S. meliloti: bv. medicaginis for Sinorhizobium effective on M. laciniata and bv. meliloti for the known S. meliloti strains effective on M. sativa, such as strain 1021 (Villegas et al., 2006) . The biovar status of the other three subclades remains to be studied.
It is noteworthy that for the three genes the Mexican strains displayed sequences identical to those of strains isolated in distant geographic regions (Figs 3-5 ), such as Australia or Syria, suggesting a low genetic differentiation among the worldwide populations of S. meliloti and S. medicae.
Discussion
Genetic diversity of S. meliloti and S. medicae and the origin of the Mexican populations
In this work we found that the naturalized populations of Medicago species in Mexico are nodulated by S. meliloti and S. medicae. No evidence of nodulation by native Sinorhizobium species or of the lateral transfer of symbiotic genes to other Sinorhizobium species was detected. We found that S. meliloti is the main symbiont of cultivated alfalfa plants in Mexico. Sinorhizobium medicae was detected in all the nodules of M. polymorpha from Texcoco site 2, in one nodule of M. lupulina from Cuernavaca, and in one nodule of alfalfa from Guanajuato. The six S. medicae strains characterized in this work were homogeneous for all the genetic markers analysed, indicating that they belong to a single clone that is widespread in central Mexico. The fact that the genetic variation of the S. medicae population is lower than that of the S. meliloti population is in agreement with other studies (Eardly et al., 1990; Rome et al., 1996a; Biondi et al., 2003) . These results support the proposed hypotheses that S. medicae originated from an ancestral S. meliloti lineage (Biondi et al., 2003) , and that these sister species diverged later than the other species of the genus (Rome et al., 1996b; Turner & Young, 2000) .
The multilocus genetic diversity displayed by the Mexican S. meliloti population (H = 0.40) is higher than the one reported by Eardly et al. (1990) for a collection of strains isolated from several Medicago species at localities on five continents (H = 0.25), indicating that a flourishing S. meliloti population is present in Mexican soils. A high genetic diversity has been recorded for S. meliloti in many other studies using different genetic markers (Eardly et al., 1990;  . Maximum-likelihood nodB phylogeny inferred under the HKY1I1G model with the gamma shape parameter equal to 2.0 and the proportion of invariant sites equal to 0.2. Bootstrap support values 4 75% are indicated at the corresponding nodes. The host and geographic origin for each strain are in parentheses. The strains described in this study are underlined and in boldface. The nodes supporting the four subclades within the S. meliloti/S. medicae group are indicated by circles. The recognized biovars are indicated to the right. Bromfield et al., 1995 Bromfield et al., , 1998 Paffetti et al., 1996) , even for places that did not have a history of alfalfa cultivation (Paffetti et al., 1998; Carelli et al., 2000; Bromfield et al., 2001) . Thus, what is the origin of the world S. meliloti and S. medicae populations? It is difficult to determine whether the rhizobial populations are native to an area or were introduced to it. The coevolution hypothesis states that rhizobia and host legumes coevolved locally (Martínez-Romero & Caballero-Mellado, 1996) . If this is true for Medicago species, S. meliloti and S. medicae should have evolved in Eurasia and Africa and then dispersed to other parts of the world. Roumiantseva et al. (2002) studied the diversity of S. meliloti from the Central Asian alfalfa gene center to challenge the hypothesis that in the centre of origin of alfalfa a wider range of rhizobial genetic variants would be expected than elsewhere. However, their results do not support the idea that Central Asia is a repository of alfalfa symbionts with many divergent endemic genotypes, because the levels of genetic diversity were surprisingly modest (Roumiantseva et al., 2002) . The dispersion of rhizobia could involve natural and human-mediated mechanisms. In the case of the Mexican populations, we are aware that inoculants for alfalfa were introduced in some areas. Although we have information that the sampled plots were not inoculated, we cannot rule out the possibility that they were inoculated when the crop was introduced several decades ago. Another human-mediated dispersion mechanism could be the involuntary transportation of rhizobia on the seed-coats of introduced plants, as suggested for the common bean rhizobia (Pérez-Ramírez et al., 1998) . In the particular case of alfalfa, this would apply not only to S. meliloti and S. medicae, but also to acid-tolerant rhizobia related to strain Or191, which inefficiently nodulates alfalfa in acidic soils of distant geographic locations in North and South America (del Papa et al., 1999) . Nevertheless, the presence of S. meliloti populations in places with no history of alfalfa cultivation could be the result of natural dispersion mechanisms, such as wind-driven dust or running water (Griffin et al., 2002; Wang & Chen, 2004; Silva et al., 2005; Vinuesa et al., 2005b) .
The influence of recombination and migration on the population structure
The absence of genetic exchange between S. meliloti and S. medicae and the evidence for genetic exchange within each species have been reported in several studies (Eardly et al., 1990; Rome et al., 1996a; Roumiantseva et al., 2002; Biondi et al., 2003) , suggesting that although these sympatric species share ecological niches there is a genetic barrier that maintains the distinctiveness of each species.
In this work we sampled the nodules of perennial and annual Medicago species distributed in three distant locations of central Mexico with the aim of assessing the importance of geographic distance on the composition and structure of rhizobia. It was surprising that the same genotypes were found nodulating different Medicago species in sites separated by as much as 400 km. The population genetic analyses for S. meliloti showed that recombination and migration may be important evolutionary forces contributing to the generation of genetic diversity. The lack of genetic differentiation among sampling sites indicates that the distribution of the genetic variation is homogeneous at the geographic scales tested, and suggests high levels of gene flow among populations. In concordance, the linkage disequilibrium analyses provided evidence of frequent recombination within the whole S. meliloti population. The epidemic genetic structure is produced by the presence of some very abundant clones that are selected by the plants to form nodules (Bromfield et al., 1995; Silva et al., 1999; McInnes et al., 2004) . The most abundant clone was found in all three localities and occupied more than half of the nodules. This clone displayed the same genotype as the S. meliloti type strain USDA 1002 T , which was isolated in the USA. The sequence data revealed that the same S. meliloti and S. medicae haplotypes were present in strains from diverse geographic origins, suggesting that migration occurs at very wide geographic distances. Similar findings have been reported for other rhizobial populations in the genera Rhizobium, Mesorhizobium and Bradyrhizobium nodulating diverse legumes in several continents (Vinuesa & Silva, 2004; Silva et al., 2005; Vinuesa et al., 2005a, b) , suggesting that migration and recombination are forces with a strong influence on the evolutionary history of rhizobia at a global scale.
